INTRODUCTION
Magnetic fields are an important ingredient to understand the physical processes taking places in the intra-cluster medium (ICM) of galaxy clusters. Their presence is demonstrated by radio observations, which, since the last 30 years, have revealed diffuse and faint radio sources filling the central Mpc 3 of some galaxy clusters (radio halos, see e.g. Giovannini et al. 2009; Venturi et al. 2008) . These sources arise because of the interaction of highly relativistic electrons with the ICM magnetic fields. About 30 radio halos ⋆ E-mail: a.bonafede@jacobs-university.de are known so far, and all of them are found in clusters with clear signatures of on-going or recent merger activity (e.g. Buote 2001; Govoni et al. 2001; Cassano et al. 2010) . The origin of the relativistic particles still needs to be understood, although several models have been proposed. Shocks and turbulence associated with merger events are expected to inject a considerable amount of energy in the ICM, that could compress and amplify the magnetic field and (re-)accelerate relativistic electrons, giving thus rise to the observed radio emission (see Ferrari et al. 2008; Dolag et al. 2008 , for recent reviews of the subject). Understanding the magnetic field amplification and evolution during the process of structure formation is then mandatory for modeling the acceleration, transport and inter-actions of non-thermal energetic particles and thus to understand the observed emission. In addition, an accurate modeling of the magnetic field properties is necessary to understand both the heat transport and the dissipative processes in the ICM. The properties of magnetic fields in the ICM have been investigated in the past through cosmological simulations, performed with different numerical codes (Dolag et al. 1999 (Dolag et al. , 2002 Dubois & Teyssier 2008; Collins et al. 2010 ) and also through Faraday Rotation measures analysis (e.g. Murgia et al. 2004; Govoni et al. 2006; Vogt & Enßlin 2005; Laing et al. 2008; Bonafede et al. 2010 ). The comparison with observed data is necessary to constrain the main magnetic field properties, and it is starting now to be feasible thanks to the progress that has been done in the recent years. One key aspect is that, so far, large scale radio emission is mainly detected in very massive clusters. Such massive systems are not easily studied by numerical simulations, since the size of the density fluctuations responsible for the formation of massive halos is large, i.e.∼ 20 h −1 Mpc, and the value of the cosmological parameter σ8 in the standard ΛCDM model requires that statistically a total volume of ∼ 200h −1 M pc 3 needs to be sampled by simulations in order to produce at least one cluster as massive as ∼ 10 15 h −1 M⊙. An important step for studying non-thermal phenomena is to perform simulations based on extremely large cosmological volumes, e.g.1 Gpc side-length. Such large volumes cannot be simulated at the resolution reached by observations, so that re-simulation techniques have been developed (e.g. GRAFIC Bertschinger 1995; ZIC Tormen et al. 1997; Jenkins 2010) . When such high resolution is reached, the physic of the baryonic component must be followed with particular care. The magnetic field amplification, in particular, depends on the small scale motions of the gas. Hence, as the resolution increases smaller scale motions are revealed, and the magnetic field amplification increases accordingly (see e.g. Dolag et al. 2008) . In this paper we present a set of galaxy clusters extracted by a low resolution DM simulation and re-simulated at high resolution (the softening length is ∼5 kpc h −1 ) within a cosmological framework in order to resolve scales comparable to those reached by observations. This work is focused on the 24 most massive galaxy clusters (M200 > 10 15 h −1 M pc) of our sample. Simulations are performed for the first time relaxing the assumption of ideal MHD, and including a resistivity term in the induction equation (ηm). Our sample of simulated galaxy cluster is publically available for further studies 1 . In this paper we present the simulated cluster sample: the MHD implementation with some test problems (Section. 2), the re-simulation technique used (Section. 3 and more detailed in the appendix); the effect of different values for ηm are analyzed and discussed in Section 4, where the main properties of the clusters are also presented. Finally, discussion and conclusions are reported in Section 5. This is a first paper aimed at presenting the cluster sample, the zoom-in initial conditions, and the non-ideal MHD implementation in the GADGET code. This sample has also been used by Fabjan et al. (2011) for a study of the scaling relations of X-ray mass proxies. In a future paper the authors will investigate in more detail the cluster properties, and the interplay between thermal and non-thermal components in the ICM.
1 contact a.bonafede@jacobs-university.de or kdolag@mpa-garching.mpg.de
NON-IDEAL MHD SIMULATIONS
Within the last decade, cosmological simulations of structure formation have shown that the observed properties of magnetic fields in galaxy clusters are direct consequences of turbulent amplification driven by the the structure formation process (Dolag et al. 1999 (Dolag et al. , 2002 Brüggen et al. 2005; Dubois & Teyssier 2008; Collins et al. 2010) . Simulations performed with different codes reach good agreement in predicting that the ratio of the bulk kinetic energy to the thermal energy has an upper limit of ∼10-20% (see e.g. the review by Borgani & Kravtsov 2009, and references therein) . Recently, noncosmological MHD simulations of merging galaxies (Kotarba et al. 2009 (Kotarba et al. , 2010 predict that the magnetic field is amplified up to a level close to ∼10-20% of the thermal energy. The same is expected for the ICM of galaxy clusters. Although the properties of magnetic fields in galaxy clusters are still not strongly constrained from the observational point of view, present data suggest that the magnetic field energy content is not amplified up to the level of the kinetic energy. In the Coma cluster, for example, the turbulent energy content is ∼10% of the thermal one (Schuecker et al. 2004) , whereas the magnetic energy content associated within the observed magnetic field of 4.7µG ) is only 1.6% of the thermal one. Dissipative processes could possibly explain the saturation of magnetic fields far below the level of the kinetic energy. Such dissipative processes, driven by the physical properties of the ICM plasma, are not investigate in numerical simulations so far, but have shown that dissipative processes driven by numerical diffusivity may alter the central properties of the magnetic field profiles obtained by numerical simulations. The simulations we present in this paper were carried out with GADGET-3 , the current version of the parallel TreePM+SPH simulation code GADGET . It includes an entropy-conserving formulation of SPH (Springel & Hernquist 2002) , the implementation of ideal MHD ) and an implementation of a divergence cleaning scheme Børve et al. 2001) . The cosmological simulations presented here assume an initially homogeneous magnetic field of 10 −12 G co-moving. In previous works it was usually assumed that the electric conductivity of the gas is infinite, meaning that the second term of the induction equation (Eq. 1) vanishes (ηm = 0).
This assumption results in a magnetic field frozen into the gas. We have extended the treatment of the induction equation to cover the resistive MHD equation. Here we will assume for simplicity a spatially constant resistivity term ηm. In Section 4.2 the physical origin of this term is analyzed and the assumption will be discussed. Under the constraint ∇ · B = 0, and ηm spatially constant, the induction equation for resistive MHD can then be written as:
The resistivity dependent terms have been implemented in the code following the approach adopted for the artificial dissipation by Price & Monaghan (2004a . In particular, we refer to where the artificial dissipation term has been implemented in the GADGET code. More specifically, the resistive term is included in the induction equation as Figure 1 . Comparison of the results from the simulations (diamonds) to the analytic solution (lines) at different output times. The magnetic resistivity ηm was set to 1 in this test. For graphical reasons, only one diamond each 8th particle in x-direction was plotted for every time step.
∂ Bi
Where i and j refer to two generic particles in the simulation, ri,j is the distance between particle i and j, W is the SPH kernel, and the factor (Ha 2 ) −1 = dt da takes into account that the internal time variable in GADGET is the expansion parameter a. The resistivity term implemented in the induction equation causes a change in the Entropy A at the rate
where W i,j indicates the mean between the two kernels Wi and Wj, γ is the adiabatic index of the gas. We refer to for more details about the numerical implementation. Since we basically replaced the artificial dissipation already implemented and tested ) with a physically motivated magnetic resistivity, the only tests that are left to be performed to validate the numerical scheme are those regarding the ability of the code to reproduce the correct dissipation timescale. This can be done, in the case of a spatially constant ηm, by investigating the magnetic field evolution for simple test problems.
Test 1: A one-dimensional slab in a 3D setup
We consider first the time evolution of a one-dimensional magnetic field ( B = B(t)ŷ) in a one dimensional slab at rest having side length 4L. In order to test the code within the configuration used for cosmological simulations, we performed the test in a 3D setup using a glass-like particle distribution and solving a planar test problem within this 3D setup (White 1996) . We started with 700 × 10 × 10 particles, having a mean inter-particle separation along the x axis of 5.7×10 −3 L. Using 64 neighbors within the SPH interpolant this correspond to roughly 35 resolution elements per length L.
The induction equation here reduces to
which has the analytical solution:
We set Bx = B and By = Bz = 0, and followed the evolution of an initial magnetic field B = B0sin(2πx/(4L)).
In Figure 1 the time evolution of the system is shown. The results obtained from the numerical simulation (diamonds) are compared with the analytic solution (lines) for various time steps, showing an excellent agreement.
Test 2: Magnetic diffusion across a step in a 3D setup
As a second test, we consider here a one dimensional slab. The magnetic field is described by B = B(x, t)ŷ, and a step profile for the magnetic field was included according to:
As in the previous test, the simulation was performed in a full, three dimensional setup using a glass-like particle distribution and solving a planar test problem within this 3D setup. We started with 700x10x10 particles, having a mean inter-particle separation along the x axis of 5.7×10 −3 L. Using 64 neighbors within the SPH interpolant this correspond to roughly 35 resolution elements per length L. Under the constrain
meaning that the magnetic field is held fixed at two points (±L) the solution of the diffusion equation can be written as
(see Wilmot-Smith et al. 2005) . In Figure 2 the results of the numerical simulation (diamonds) are compared to the analytic solution (lines) at different time steps, as reported in the figure panel.
The magnetic field diffuses rapidly and converges towards the steady-state solution, B(x) = B0(x)/L. Since we have not implemented the necessary boundary conditions to keep B = B0 fixed at the borders, this simulation was stopped early.
Total energy conservation
The two tests described in Section. 2.1 and 2.2 demonstrate the ability of the code to correctly solve the diffusion equation.
When real physical problems are considered, the magnetic energy dissipated is explicitely added to the energy equation, i.e. it is transferred to the system, so that the total energy is conserved. Hence, within the cosmological simulations presented in the following Sections, the energy of the dissipated magnetic field is transferred into heat. This energy is added explicitly to the internal energy, similarly to what is done when artificial magnetic resistivity is used as a regularization scheme to suppress numerical instabilities (Price & Monaghan 2007 . We refer to for the details of the numerical implementation, and in particular, to section 3.1 and Figure 4 (upper middle panel) of where such issues are discussed and analyzed. In the two tests presented in Section 2.1 and 2.2 the conversion of the dissipated magnetic energy into heat has been switched off, since the solution we compare with do not include such conversion.
CONSTRUCTING THE CLUSTER SET

The parent simulation
The clusters were selected from a N-body cosmological simulation performed according to a flat ΛCDM cosmological model, with Ωm =0.24 (the matter density parameter), Ω bar =0.04 (the contribution given by baryons), h =0.72, and σ8 = 0.8. The power spectrum for the primordial density fluctuations P (k) ∝ k n is characterized by n = 0.96. This simulation was carried out with the massively parallel TREE+SPH code GADGET-3, the new version of the GADGET code ) and consists of a periodic box of size 1 Gpc h −1 . The cluster identification was performed at z = 0 using a standard Friend of friends algorithm (Davis et al. 1985) . The linking length was fixed to 0.17 the mean inter-particle separation between DM particles, corresponding to the virial over-density in the adopted cosmological model. This large simulated cosmological box contains 64 clusters with MF OF > 10 15 h −1 M⊙at z = 0. Hence, it represents a proper sample to study the general properties of massive galaxy clusters. Since we want to analyze the magnetic field properties, and compare our results with those found from Coma cluster observations, a statistical set of galaxy clusters with masses similar to the one of Coma is needed. Note that up to now, no such sample of high resolution re-simulations of massive galaxy clusters has been constructed. Col 4: Estimated X-ray Luminosity in the band 0.1-10 keV;
Col 5: Mean temperature (mass weighted);
All quantities are computed inside R vir .
Cluster selection and Initial Conditions
Clusters were selected from the parent simulation on the basis of their mass only. We selected the 24 most massive objects among those with MF OF > 10 15 h −1 M⊙and re-simulated each of these clusters at higher resolution by using the Zoomed Initial Conditions code (ZIC, Tormen et al. 1997) . In the appendix the iterative procedure used to obtain the high resolution initial conditions is described in detail. The setup of initial conditions was optimized to guarantee a spherical volume around each cluster with radius of ∼ 5-6 virial radii (Rvir) simulated at high resolution (HR region) and free of contamination by low resolution, boundary particles. Two of the cluster initially selected by the Friend of Friends algorithm turned out to have a companion with mass > 10 15 h −1 M⊙. Other systems are undergoing a merger event at z = 0 with less massive companions. In addition, other clusters with masses between 10 14 h −1 M⊙and 10 15 h −1 M⊙where found in the HR region of the main targets. 50 of them are cleaned by low resolution particles inside their virial radius. Therefore, the final sample consists of 76 clusters with masses larger than 10 14 h −1 M⊙, comprising both isolated and merging systems. The massive cluster set is shown in Table 2 .3. In the Appendix (Table A1 ) more details about the cluster surroundings are given, while in Table A2 the clusters with M > 10 14 h −1 M⊙, found within 5 Rvir from the massive targets, are listed. They are simulated at high resolution up to 1-5 Rvir, as reported in that Table. The virial mass of each cluster was defined as the mass contained within a radius encompassing an average density equal to the virial density, ρvir, predicted by the top-hat spherical collapse model. For the assumed cosmology it is ρvir = 95ρc, where ρc is the critical cosmic density (Eke et al. 1996) . In this work we focus onto the 24 originally selected clusters, as they represent a statistical well defined, volume and limited sample of massive clusters. Once the ICs for the DM components have been obtained, gas particles were added (see appendix for details). The mass of DM and gas particle is 0.
M⊙respectively. The gravitational softening length used is 5 kpc h −1 , which corresponds to the smallest SPH smoothing length reached in the dense cluster centers.
The high mass cluster set
Simulations of these cluster set including radiative losses and star-formation are presented in Fabjan et al. (2011) . Here, we focus on non-radiative simulations, since our aim is to study the effect of the magnetic field, and of non-ideal MHD. From the final snapshots of these simulations we derived the projected X-ray surface brightness images, by using a map-making algorithm ). The predicted emission of every SPH particle is projected along the line of sight considering an integration depth of ± 5 Rvir around the center of simulated clusters. The X-ray Luminosity (LX ) is computed in the range 0.1-10 keV. The X-ray surface brightness images of the clusters are shown in Figure 3 . The values of LX and of the gas temperature inside the virial radius are reported in Table 2 .3. Clusters in different dynamical state belong to this sample and consequently the X-ray surface brightness images show quite different morphologies. Several clusters are disturbed in the very internal part, indicating that a merger event has just occurred (e.g.D 12), while other clusters have multiple peaks in the X-ray images, like e.g.D 4. Some clusters appear to have a regular shape, and others are going to interact with a smaller halo, that is visible in the X-ray images (e.g.D 1). In the sample we also found an ongoing merger event between two massive clusters (D 8, interacting with another cluster of M > 10 15 h −1 M⊙). We note that the over all range of morphologies found in this mass limited sample compares qualitatively well with complete, observed samples (like the REXCESS sample, Böhringer et al. 2007) , where also such extremely perturbed systems are found).
MAGNETIC FIELDS IN MASSIVE CLUSTERS
The properties of the ICM magnetic fields start now to be better understood, thanks to an increasing effort in analyzing Faraday Rotation Images of sources located either inside clusters and in their background (e.g. Murgia et al. 2004 , Clarke 2004 , Johnston-Hollitt et al. 2004 , Vogt & Enßlin 2005 Govoni et al. 2006 . In general, the magnetic field in clusters inferred from these observations is found to be consistent with a magnetic field driven by the turbulence within the ICM and generally shows a radial decline. Once the density profile ρ(r) has been inferred from X-ray observations, the magnetic field profile in galaxy clusters is supposed to follow the gas density profile according to:
The fluctuations within the magnetic field are usually modeled assuming a power-law power spectrum, described by a slope η, a maximum length scale Λmax (which can be related to the outer scale of the turbulence in within the ICM) and a minimum length scale Λmin (which in case it is resolved, could be related to dissipative scales, either viscous or resistive). These model parameter are inferred by comparing the expected Rotation Measure statistics (mean, dispersion, auto-correlation function and structure function) and the polarization properties of the radio galaxies to the observed ones. So far the magnetic field in the Coma cluster is the one that is best constrained. It has been inferred from RM observations of seven radio-sources located at projected distances of 50 to 1500 kpc from the cluster center. The best fit model results to be the one with B0 = 4.7
−0.1 , and Λmin ∼ 2 kpc . Although previous cosmological MHD simulations of galaxy clusters produced magnetic field configuration which lead to Rotation Measure statistics similar to the observed ones (Dolag et al. 1999 (Dolag et al. , 2002 , the magnetic field profile tended to be steeper, with α ∼ 1 (Dolag et al. 2001 ). In addition, the values of the central magnetic field obtained from high-resolution simulations resulted to be slightly larger than observed (Donnert et al. 2009 ), but it was noticed that the magnetic field profiles are significantly altered if the underlying numerical 
Testing the effect of the magnetic resistivity
Having a stable numerical scheme at hand, which does not suffer from numerical diffusion outside the SPH smoothing length (Stasyszyn 2011, in preparation), we can investigate for the first time the role of a physically motivated resistivity ηm in shaping the ICM magnetic field profile. From our set of massive clusters, which have all masses comparable to the Coma's one, we selected four objects that at z = 0 show X-ray morphologies similar to the one of Coma. In particular, we avoid selecting clusters with very spherical morphology as well as clusters with clear multiple X-ray brightness peaks. Figure 4 shows the X-ray morphology of the 4 selected clusters for the 3 spatial projection directions. This sub-set of clusters has been simulated with different value of ηm, with the aim of studying the resulting shape and central value of the magnetic field. Figure 4 shows the magnetic field profiles of those clusters compared to the best fit model for the Coma cluster, encompassed by the ± 3σ region. Whereas all magnetic field profiles obtained from the simulations are within the 3σ region in the outer parts, the profiles with small magnetic diffusion (ηm =1.5×10 27 cm 2 s −1 ) are always above this region towards the center. For large magnetic diffusion (ηm = 6×10 27 cm 2 s −1 ) half of the simulated profiles are above the best fit model, the other half below the best fit model in the central part. From that, we conclude that a value of ηm = 6×10 27 cm 2 s −1 (20 in the code internal units) is the one that provides the best match with that inferred from Coma cluster observations. The numerical diffusion inside the SPH smoothing length is of the order of 10 18 cm 2 s −1 that is several orders of magnitudes lower than the one we have implemented as magnetic resistivity, and thus does not affect our results.
Physical origin of the magnetic resistivity
In the previous Sections we have shown that a relatively large value of ηm is required in the induction equation (Eq. 2) to match the radial profile and the central value of the magnetic field inferred from Coma cluster observations. In order to correctly interpret this result, it must be kept in mind that the induction equation (Eq. 2) describes the evolution of a magnetic field B at our resolution limit (which is of order of 10 kpc). The turbulent cascade is expected to develop down to smaller scales, where unresolved turbulent motions would contribute to the diffusion described by ηm. Hence, we can define the diffusion coefficient ηm as
with η Coulomb related to the thermal conductivity σ by
Following Spitzer (1956) , when the mean free path is determined by Coulomb collisions, the thermal conductivity of the plasma can be expressed as
Λ being the Coulomb logarithm. For a typical cluster environment (e.g.densities n ≈ 10 −2 cm −3 and temperatures T ≈ 10 8• K), the diffusion coefficient is:
Hence, the diffusion coefficient, arising from the gas thermal conductivity, does not significantly contribute to the evolution of B in the induction equation. On the other hand, in a turbulent plasma the motion of charges will be a random walk characterized by a length scale λ turb and by a velocity v turb . Following Dennis & Chandran (2005) , the plasma turbulent diffusion coefficient η turb can be defined as:
Typical values of v turb at our resolution of several kpc, corresponding to scales λ turb that fall below our resolution limit, will be several tens of km s −1 , and will lead to diffusion coefficients similar to the one that we used in our simulations (see Table 2 ). Estimates of v turb at these small spatial scales cannot be provided by any observation so far. However, it is possible to infer such estimates from the values of v obtained at larger spatial scales, assuming that the turbulent power spectrum can be described by a single power-law down to the small scales of interest. Using X-ray data, Schuecker et al. (2004) derived pseudo-pressure fluctuations maps of the gas in the Coma cluster. They revealed the presence of a scale-invariant pressure fluctuation spectrum, that is consistent with the Kolmogorov slope, and could estimate the size of the turbulent eddies in the range from 40 kpc to 100 kpc. On smaller scales, the number of photons detected were not sufficient for a reliable pressure measurement. The energy content associated with these turbulent motions is estimated to be roughly 10% of the thermal one (Schuecker et al. 2004) . The sound velocity within the Coma cluster (T ∼ 10 8 K) is ∼ 1500 kms −1 . Therefore the turbulent velocities associated with the largest scales (≈ 100 kpc) found by Schuecker et al. (2004) would correspond to ∼ 470 km s −1 . Assuming a Kolmogorov-like power spectrum, this translates into a turbulent velocity of ∼ 30 kms −1 at a length scale of 2 kpc, that is the minimum scale revealed by Rotation Measure observations . A turbulent velocity of ∼ 30 kms −1 at 2 kpc would yield to ηm ∼ 2 × 10 27 cm 2 s −1 , similar to the value we have used in the simulations. A sample of clusters for which v turb , λ turb , and the power spectrum slope are estimated observationally would of course allow us a better and more reliable comparison.
Although such observations are not available in the literature so far, another estimate for η turb has been derived by Rebusco et al. (2006) . The authors have analyzed the effect of turbulent diffusion on the iron abundance profiles in the ICM for a sample of clusters, finding η turb in the range 6 × 10 27 -4.5 × 10 29 . Estimates of v turb and λ turb can also be derived by cosmological simulation. Different numerical schemes (e.g. Vazza et al. 2006; Iapichino & Niemeyer 2008; Vazza et al. 2009 ) have been optimized to follow the evolution of turbulent flows within the ICM of simulated galaxy clusters (see also Zhuravleva 2011). These works indicate that the energy in turbulent motions is ∼ 10 − 20% of the thermal one at z = 0 within the virial radius. In particular, Maier et al. (2009) have measured the spectral properties of the gas velocity field, finding a good agreement with the Kolmogorov power spectrum slope over scales ranging from 300 kpc down to the scale correspondent to the Nyquist frequency. The velocity of the turbulent eddies at scales of 10 kpc is estimated to be ∼ 50-100 km s −1 , resulting is ηm ∼ ×10 28 , in good agreement with the values adopted in the simulations presented here. In addition, Maier et al. (2009) which are the values needed to operate a cosmic ray driven dynamo within a galaxy (see Siejkowski et al. 2010) and to power the Coma radio halo by an in-situ acceleration model respectively 2 (see Schlickeiser et al. 1987 ). All these different values for ηm are reported in Table 3 . In summary we can conclude that our inferred value of ηm ≈ 6 × 10 27 cm 2 s −1 at our unresolved scales of ∼ 10 kpc is well in range with what would be expected from turbulent motions within the ICM.
About the use of a constant ηm
The Equations 11 and 15 clarify the physical origin of the resistivity term that we have implemented in the induction equation. In this work, the value of ηm has been kept constant throughout the whole re-simulations. It is clear that having a ηm that changes as a function of v turb and λ turb locally would allow one to follow the evolution of the magnetic field more properly. Identifying the turbulent motions to compute the most correct value of ηm at every step during the simulation is however not feasible. Different algorithms have been developed to identify and analyze the turbulent motions (see e.g. Maier et al. 2009; Vazza et al. 2011 ). These algorithms need to subtract large-scale laminar motions before revealing the turbulent patterns, and can then be applied in the post processing once the simulation is run. We can verify the validity of the assumed constant value of ηm by checking which values of λ turb and v turb are obtained at different distances from the cluster center by the above mentioned works. (Maier et al. 2009 ) have computed the profile of the turbulent velocity for a simulated galaxy cluster. The velocity profile, once scaled at the length scale of 7.8 kpc -the highest resolved region of the simulation-shows a rather flat profile, with values ranging from ∼50 to ∼90 Kms a constant ηm, although not optimal, is well justified in our case. The simulations presented here represent a good starting point to investigate for the first time the effects related to such resistivity term.
Magnetic properties of massive clusters
We finally simulated the whole cluster sample, fixing the magnetic resistivity to our inferred value of ηm = 6 × 10 27 cm 2 s −1 . Therefore, we can study, for the first time, the scatter of the magnetic field properties in massive clusters using a volume limited sample. Figure 5 shows the mean magnetic field within 0.3 × Rvir, corresponding to roughly 1 Mpc for our set of massive clusters. The simulations scatter mildly around the value inferred from observations of Coma. Our mean value is 2.6µG with and rms of 0.6µG. We point out here again that the sample of massive clusters comprises objects that have very different dynamical state at z = 0. It is interesting to note that the mean magnetic field, averaged over the central Mpc 3 , does not depend on the present dynamical state of the cluster at z = 0 (see also Section 5.)
Magnetic field profiles of massive galaxy clusters
In Figure 6 the magnetic field profiles are shown for all the clusters in the sample. In the right panel of that Figure the mean and the dispersion of the magnetic field profiles are compared with the best fit for the Coma cluster. It is worth stressing that the exact shape of the profile inferred from Coma observations is given ad hoc as a parametric model to fit the data. Hence, it is not clear how significant the differences between simulations and observations in the exact shape are. Nonetheless, the fit to the observations lies completely within the scatter of the profiles predicted by our simulations. This is a non-trivial result, confirming previous findings that the magnetic field in galaxy clusters is shaped by the (turbulent) motions within the ICM and therefore reflects a natural prediction of the structure formation process. Although the mean magnetic field profile shows a good agreement with the one inferred from Coma observations, there are differences in the shape of the individual profiles, likely reflecting the dynamical state and the different morphologies of the individual objects. Magnetic field profiles are usually compared to the gas density profiles, in order to derive a scaling with the radial distance from the cluster center. Here we adopt another approach and fit the magnetic field profiles directly to a "β model-like" profile (Cavaliere & Fusco-Femiano 1976) , that for magnetic fields is usually written as: Table 4 . The mean values of B0 and µ are reported is the last row of the Table and compared to those of the Coma cluster. While previously numerical simulations indicated a steeper profile of the magnetic field with the gas density (i.e.α ∼ 1 in Eq. 10), and thus with the radial distance from the cluster center, now the effect of the magnetic resistivity is that of flattening the profiles, reaching a better agreement with observations. In the case of the Coma cluster, a value of α = 0.5
+0.2
−0.1 gives the best fit with the observations, corresponding to µ ∼ 0.38 +0.17 −0.09 , in very good agreement with the mean of the best fit for our simulated clusters, that is µ ∼ 0.46 ± 0.11. Hence, not only the mean value of B over the central Mpc 3 has a small dispersion in this high-mass cluster set, but also the central value of B0, and its slope with the gas density, as derived from the beta-model fit, are quite similar.
Magnetic field and thermal properties
We present in this Section a first overview of the thermal properties of the ICM in the presence of a diffusive magnetic field. A more detailed analysis will be performed in a second paper, where the whole sample will be analyzed. Here we investigate if and how the presence of resistive magnetic field may affect the ICM properties of the four clusters we have simulated with different values of ηm. In Figure 7 the density, temperature, and entropy profiles of these clusters are shown for different values of ηm. The profiles converge at distances larger than few % of the virial radius, while differ in the very inner region of the clusters. As mentioned in Section 2.3 the magnetic field energy that is dissipated during the cluster formation is transformed into heat. Although the dynamical effect of a magnetic field of the order of ∼1-10 µG in the cluster cores is negligible, the overall effect of the magnetic force and pressure integrated over a Hubble time results in a change of the density and temperature profile. As the resistivity constant ηm increases, the amount of magnetic field energy, that is dissipated and hence converted into heat, increases accordingly. An additional source of heating is then present in the cluster central region, that has the effect of flatten- ing the temperature profile. The higher pressure that would result from a higher temperature is then balanced by reducing the gas density in the cluster central region, up to a factor 2. The temperature and density profiles do not change adiabatically, as demonstrated by the entropy profiles of the clusters. The entropy, computed as S = kT /n 2/3 , flattens in the inner region of the clusters, indicating that the transport of low entropy gas in inhibited. In Figure 8 , the magnetic field within 0.3 × Rvir, is plotted versus the cluster mean temperature computed over the same region. Although the sample is small, and the value of the magnetic fields within 0.3 × Rvir varies of a factor ∼ 2, a trend is suggested. Magnetic field in higher temperature clusters seem to be higher. The correlation should be better investigated with a higher sample of simulated galaxy clusters, since observational data do not suggest a trend of the RM in clusters depending on the temperature ). We note also that such a trend is much less visible when the value of B0, resulting from the β-model fit is compared with the cluster mean temperature (Figure 8, right panel) .
DISCUSSION AND CONCLUSIONS
We have presented a set of simulated galaxy clusters. It consists of 24 massive objects (Mvir > 10 15 h −1 M⊙) re-simulated at high resolution up to 5-6 virial radii, plus 50 more clusters with Mvir > 10 14 h −1 M⊙that fell within this high resolution region. This large set permits to study the cluster properties in a wide range of masses and at high resolution (see e.g. Fabjan et al. 2011 ). The evolution of the clusters has been followed using the MHD implementation within the GADGET-3 code ), that has been here modified in order to include the magnetic resistivity term in the induction equations. It is the first time that this term is analyzed in the context of cluster formation and evolution. In this first paper we have presented the zoomed initial conditions, the non-ideal MHD implementation, and the average properties of the more massive clusters when a magnetic resistivity term is included in the MHD equations. Further analysis will be performed in a future paper (Paper II, Bonafede et al. in prep) where the physical implications will be discussed in more detail. Our main results can be summarized as follows:
• Non-ideal MHD equations have been implemented within the GADGET code. The tests performed on two different problems show that the numerical implementation is accurate and can be used to study the effect of the magnetic resitivity.
• The magnetic field profiles obtained with non-ideal MHD can reproduce the profile inferred from Faraday Rotation Measures of the Coma cluster. Four clusters having X-ray morphologies similar to the one of the Coma cluster have been selected to test the effect of changing the constant ηm used in the induction equation. The best agreement with the limits given by observations is achieved with ηm = 6 × 10 27 cm 2 s −1 .
• The whole sample has been simulated using ηm = 6 × 10 27 cm 2 s −1 , and the derived magnetic field profiles are consistent with the Coma profile. The best-fit found for the Coma profile lies in fact between the rms of the simulated profiles. The red cross refers to the mean magnetic field for the Coma cluster. The error-bar refers to the 3σ of the chi 2 given by Bonafede et al. (2010) . Right: Magnetic field in the cluster center, as results from the fit of a β-model profile versus the cluster mean temperature inside 0.3 R vir . The temperature for the Coma cluster is the one given by Arnaud et al. (2001) , computed inside 0.25 of the Coma virial radius. All the quantities are computed from the dissipative simulation runs with ηm = 6 × 10 27 cm 2 s −1 .
• We have fitted the magnetic field profile with a β-like model, finding that the magnetic field profile of the simulated galaxy clusters can be well reproduced by values B0 = 4.7 ± 1.7, and µ = 0.46 ± 0.11 (see Eq. 16), in good agreement with the value found for the Coma cluster. The value of µ would correspond to a value of α ∼ 0.6 (Eq. 10) for a Coma-like gas density profile.
• We have investigated possible correlations of the magnetic field strength with the cluster mass. The magnetic field strength, averaged over a central spherical volume of 0.3Rvirh −1 in radius, is similar for all the clusters in the sample, in agreement with what has been recently found by Bonafede et al. (2011) . This indicates that the presence of radio halo emission, found in a fraction of massive galaxy clusters, cannot be attributed to a difference in the magnetic field strength. A mild dependence of the magnetic field strength with cluster temperature is indicated by these simulations.
• The density, temperature and entropy profiles of the simulated galaxy clusters have been derived for different values of ηm. We find that the effect of a magnetic diffusive constant is visible in such profiles, leading to flatter temperature and entropy profiles in the inner region of the cluster (R 0.1Rvir at maximum).
The cluster sample and the new MHD-implementation we have presented is suitable to investigate other issues that are not discussed here, and that will be studied in a future paper, such as the interplay of the magnetic field with the thermal gas of the ICM (e.g.how is the thermal conduction modified, the role of the magnetic pressure in suppressing the cooling in the inner regions). In the next years, the LOw Frequency ARray (LOFAR) and the Expanded Very Large Array (EVLA) will allow us to improve our knowledge of the nonthermal component of the ICM, and a larger sample of data will be soon available for a more complete comparison. 
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APPENDIX A: GENERATING THE ZOOMED INITIAL CONDITIONS
A1 Dark matter re-simulations
Creating zoomed initial conditions is essential to extend the dynamical range accessible through cosmological simulations, which is needed to study the detailed structure of objects, like e.g.galaxy clusters, with appropriate resolution. Since hydrodynamic simulations are sensitive to boundary conditions, regions around galaxy clusters have to be re-simulated with high resolution as well. In the last years the peripheral regions around galaxy clusters are also attracting more and more interest, given the increased sensitivity of modern instruments. Here we have optimized our initial conditions to study a statistical sample of massive clusters with reasonable computational resources. Our procedure is based on the ZIC code (Tormen et al. 1997 ) and we describe here the iterative procedure that we have used to obtain such highly optimized, zoomed initial conditions for our cluster sample. We started from a large, cosmological, dark-matter only simulations, performed according to the 'concordance' ΛCDM cosmological model (ΩΛ = 0.76, Ω0 =0.24, h =0.72 and σ8 = 0.8). The spectral index of power spectrum for the primordial density fluctuations (P (k) ∝ k n ) is n = 0.96. This simulation, that we refer to as 'parent simulation', was carried out with the massively parallel TREE+SPH code GADGET-2 ) and consists of a periodic box of 1 h −1 Gpc size. The cluster identification was performed at z = 0 using a standard Friend of Friends algorithm. The linking length was fixed to 0.17 of the mean inter-particle separation between DM particles, to reflect the virial over-density for M⊙at z = 0. We selected the 24 most massive clusters for high resolution re-simulations. Figure A1 shows the projected density within 125 h −1 Mpc slices of the parent simulation at z=0. The positions of the 24 most massive clusters used in this work are marked by diamonds. From the final output of the DM only run, all of the particles out to a distance of ≈ 5 − 7Rvir around the cluster center were selected and then traced back to their initial positions. The corresponding Lagrangian region was enclosed in a box of side LHR ∼ 62.5 Mpc, the high resolution (HR) region. Since the volume occupied by the HR particles, VHR, is usually only a fraction of the volume of the box (L 3 HR ), we sampled the box with 64 3 cells, and we marked cells which were actually occupied by the particles. In order to obtain a volume with a concave shape and no holes in it, some more cells were marked around/within VHR. The particles that occupy the marked cells were then traced back to the initial redshift of the simulation. The right panel of Figure A3 shows a cut through the LHR volume. The blue cells trace the VHR region, while the additional cells marked to obtain a concave volume are marked in red and green. This volume (defined as "occupied volume") was re-sampled with a higher number of particles in order to obtain a higher mass resolution (in this case of 1 ×10 9 h −1 M⊙for DM particles). Particles were displayed according to a glass-like particle distribution (White 1996) . The HR particles were perturbed using the same power spectrum of the parent simulation, keeping the same amplitudes and phases. New fluctuations at smaller spatial scales were added, since smaller frequencies are now sampled by the higher resolution particles. The amplitude of the fluctuations are given by the theoretical power spectrum P (k) of the parent simulation, but extended to higher k. To minimize any changes in the tidal forces acting onto the high resolution region, we created a buffer region around the HR region, and sampled it with the same mass resolution as the parent cosmological simulation. The remaining volume of the simulation was re-sampled at lower resolution according to the following procedure: the density and velocity fields of the LR particles were re-sampled onto a spherical grid having constant angular resolution dθ. The size of each cell dr = rdθ was chosen to obtain approximately cubic cells through the sphere. The interpolation onto a spherical grid reduces the number of LR particles to the minimum necessary to preserve the large-scale tidal field of the original simulation. We used dθ = 1.5
• , resulting in ∼ 2 × 10 6 low resolution particles, that guarantees an accurate sampling of the tidal field (see Tormen et al. 1997) . By construction, as the distance from the HR region increases, dr increases too, and the mass of the LR particles increases accordingly. The overall volume simulated for each cluster is the same as the parent simulation, ensuring that the forming structures correspond to the same that formed within the original cosmological simulation. The new initial conditions were finally traced back to a higher redshift (e.g.z = 70) to ensure that the rms of the particle displacement in the HR region is still small enough to guarantee the validity of the Zeldovich approximation. After generating the new IC at higher resolution, we re-run further dark matter-only re-simulation to verify that the volume of the HR region around each cluster was free from contamination of LR particles. Several iterations (typically 5-7) of the whole procedure were required for each cluster to obtain a clean, high resolution spherical volume with radius of 5 Rvir, while keeping the total number of high resolution particles as low as possible. In several cases, additional clusters close to our target had to be included in the high resolution region. Hence, all the initial conditions have at least a spherical volume of radius 5 − 6Rvir "clean" of low resolution particles, and centered on the target cluster (see Table A1 ). The total number of high resolution particles needed is typically only 2 − 3 times larger than the number of high resolution particles within this regions of interest. Two of the selected clusters turned out to have a close-by companion with a mass larger than 10 15 h −1 M⊙. Whereas the 24 targeted clusters represent a fair volume-limited sample of galaxy clusters, the whole simulation sample encompasses in total 26 clusters with masses above 10 15 h −1 M⊙. In addition, many other clusters with masses between 10 14 h −1 M⊙and 10 15 h −1 M⊙were found close to our massive targets. 50 of them are free from low-resolution particles up to at least 1 Rvir. We also extracted initial conditions of 5 more isolated cluster, having masses of ≈ 5, 7, 4, 1, 1 × 10 14 h −1 M⊙. Such additional clusters are of interest when studying scaling relations (Fabjan et al. 2011 ).
A2 Adding the baryonic component
Once the IC for the DM particles have been obtained, the baryonic component was added. The high resolution dark matter particles are splitted into one gas and one DM particle. The mass of the initial DM particle is splitted according to the cosmic baryon fraction, conserving the center of mass and the momentum of the parent DM particle. We displaced them by half the mean interparticle distance. Here we added a further optimization. Taking the "cleaned region" around all clusters of interest within the high resolution region, we traced back the corresponding Lagrangian region into the initial conditions. To associate concave volume to the selected particles, we measured their distance to the center of the high resolution region and calculated the maximum distance found in each direction by sampling the sphere using a HealPIX discretization (Górski et al. 2005) . Only those dark matter particles which are found within such a volume (including a very small safety buffer) were splitted into one gas and one DM particles. This typically saves ≈ 20% of gas particles while still having splitted dark matter (and, accordingly, gas particles) within the full extent of the "clean region". In the left panel of figure A3 , in the central part, the spatial extent of the whole high resolution region compared to the extent of baryon-filled region is visible. Figure A3 . Initial condition region for the high resolution simulations. Left: Black: DM particles with degraded mass resolution outside the HR region, e.g.grained version of the original IC region used in the parent simulation, with increasing mass toward the outer regions. Green: DM particles outside the HR region with the same mass resolution than the parent simulation. This represents a "safety region" where a normal grid is used and particles have the same mass that the parent simulation. Red: HR region. Blue: region where high resolution DM particles have been splitted into gas and DM particles. Right: A slice through the HR initial condition region. Blue boxes refer to the position of the particles traced back, which where at z = 0 falling within 5 R vir of the target cluster. Red boxes are the cells that are included automatically to obtain a concave region. The green box refer to cell which was added by hand to avoid holes within the HR region.
